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Abstract
During the Last Glacial Maximum (LGM) lowland forests contracted through-
out the tropics but, by contrast, many montane forest taxa moved to lower
elevations. These taxa are often found in cloud forests, which are globally
important ecosystems that depend on the capture of atmospheric water from
fog drifting through the canopy, here referred to as occult precipitation. Un-
derstanding the response of tropical montane taxa to climate variations is
limited by a lack of modern data on fog capture; whereas palaeoecological
data only provide indirect evidence for its importance. Hence, the response
of vegetation to fog capture is not considered in palaeo-estimates of pre-
cipitation. We develop a method that uses satellite Normalized Difference
Vegetation Index (NDVI) data to estimate the annual amount of occult pre-
cipitation and investigate the sensitivity of a cloud forest to past and future
changes in both rainfall and occult precipitation. We apply this method
using satellite and meteorological data from 1982 to 2015 collected at Mt
Marsabit, which is located in northern Kenya (2.34◦ N, 37.97◦ E, summit
1707 m a.s.l.). Mt Marsabit has a sub-humid tropical montane cloud forest
at its summit that is excessively green for the amount of rain it receives. We
estimate the annual amount of occult precipitation for current conditions at
about 900 mm y−1 which is more than the average annual rainfall of 700 mm
y−1. This is consistent with the observation that, for the wider Marsabit
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area, interannual variations in NDVI are more closely linked to changes in
cloud-base height (r2 = 0.87) than to changes in rainfall (r2 = 0.67). We
investigate the sensitivity of forest extent to past and future changes; for the
LGM we estimate that cloud-base height decreased by 500 m in response to
a 4 ◦C cooling and that this caused a 20 % to 100 % increase in forest area
despite a 30 % decrease in rainfall, a 22 % decrease in atmospheric humidity
and a substantial reduction of atmospheric CO2 levels (values representative
for mountains in Kenya during the LGM). An expected increase of 250 m in
the cloud-base height associated with a future 2 ◦C global warming is likely to
reduce forest extent by 50 % to 100 %. Our results indicate that the satellite
vegetation record is useful to estimate modern hydrological inputs into drier
cloud forests (up to 2000 mm y−1) and that this information can be used to
estimate the contribution of occult precipitation to altitudinal displacements
of tropical montane cloud-forest species during the Quaternary.
Keywords: Climate Change — Tropical Montane Cloud Forest —
Normalized difference vegetation index — Occult precipitation —
Cloud-base height — Last Glacial Maximum — Data treatment, data
analysis — Vegetation dynamics — East Africa
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1. Introduction
Tropical montane cloud forests (TMCFs) are important ecosystems that
are highly dependent on their ability to capture water from fog or low-level
clouds drifting through the forest (Grubb and Whitmore, 1966; Cavelier,
1996; Bruijnzeel et al., 2010); this form of precipitation is here referred to as
occult precipitation. TMCFs are home to many rare and endemic plant and
animal species and often provide essential ecosystem services to their sur-
roundings. Serious concerns have been expressed about the extent to which
global warming will shrink the areas and altitudinal ranges of TMCFs, due
to predicted future changes in the vertical structure of the troposphere, in-
cluding the distribution and elevation of stratiform cloud (Bradley et al.,
2004; Williams et al., 2007; Fu et al., 2011; Ohmura, 2012; O’Gorman and
Singh, 2013; Oliveira et al., 2014; Helmer et al., 2019). This is the lifting
cloud-base hypothesis (Pounds et al., 1999). Future reductions in the ge-
ographical and seasonal incidence of fog immersion (often associated with
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increased fire incidence) pose particular threats to biological diversity, pro-
ductivity, hydrological functioning, and survival of many groups of rare and
highly specialised organisms, such as epiphytes, bryophytes, amphibians, and
insects (Pounds et al., 1999; Still et al., 1999; Foster, 2001; Karmalkar et al.,
2008; Hemp, 2009; Bruijnzeel et al., 2010, 2011; Diaz et al., 2014; Lister
and Garcia, 2018). Mountain-top extinctions are also a strong possibility on
massifs of only moderate height (Bruijnzeel et al., 2011).
Figure 1: Location of Mt Marsabit (inset) and Landsat 5 NDVI (colour bar) image for
January 1985 with contour from the Shuttle Radar Topography Mission (SRTM) (Jarvis
et al., 2008). The summit (1707 m a.s.l.), the Marsabit lodge, Marsabit Airport, and Lake
Paradise are indicated. (Universal Transverse Mercator projection, zone 37, N)
In contrast, the effects of changes in cloud cover on TMCFs have been
largely neglected in Quaternary palaeoclimatology and palaeoecology; there
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is, however, a continuing debate about the relative contribution during the
Last Glacial Maximum (LGM: &21ka BP) of the effects on vegetation by
changes in air temperature and lapse rate (Van Zinderen-Bakker and Coetzee,
1972; Hamilton, 1982; Bonnefille et al., 1990; Flenley, 1998; Colinvaux et al.,
2000; Farrera et al., 1999; Loomis et al., 2017), precipitation (Bonnefille
et al., 1990; Bonnefille and Chalie´, 2000; Vizy and Cook, 2007), atmospheric
CO2 concentration (Jolly and Haxeltine, 1997; Street-Perrott et al., 1997;
Boom et al., 2001; Cowling et al., 2001; Prentice and Harrison, 2009), UV-B
radiation flux (Flenley, 1996), wildfire (Wooller et al., 2000; Schu¨ler et al.,
2012; Urban et al., 2015; Ivory and Russell, 2016) and herbivory (Ivory and
Russell, 2016).
Nevertheless, a few palaeoecologists have speculated about the impact
of past variations in stratiform cloud cover and cloud-base height, notably
Maley (1987, 1989); Stager and Anfang-Sutter (1999); Marchant et al. (2006);
Rucina et al. (2009); Urrego et al. (2010) and Bush et al. (2011). A few
pioneering attempts have also been made to model changes in the extent
of TMCFs during glacial times (Jolly and Haxeltine, 1997; Wu et al., 2007;
Still et al., 1999; Izumi and Le´zine, 2016). Unfortunately, these all suffered
from relatively coarse spatial resolution and did not consider TMCF - cloud
interactions.
Although no palaeo-proxy indicators for persistent montane cloud have
so far been discovered, it is possible to infer past changes in its distribution
at the LGM, &21ka BP, from the reconstructed altitudinal descent of pollen
taxa characteristic of Upper Montane Cloud Forest and Subalpine Cloud For-
est today (terminology follows Scatena et al. (2010)) within the three major
tropical rainforest blocs: Africa, Australasia and South America. Prominent
examples in different regions include fog-adapted trees and shrubs (Grubb
and Whitmore, 1966; Cavelier, 1996; Bruijnzeel et al., 2010) from the families
Podocarpaceae (Podocarpus, Dacrycarpus), Oleaceae (Olea), Araucariaceae
(Araucaria), Fagaceae (Quercus), Nothofagaceae (Nothofagus), Betulaceae
(Alnus), Myricaceae (Morella, formerly Myrica), Myrsinaceae (Myrsine, Ra-
panea), Rosaceae (Hagenia, Polylepis/Acaena) and Ericaceae (Erica, Vac-
cinium)(Flenley, 1998). At the LGM, cloud-forest taxa often occupied eco-
logical niches located 300 to >1000 m below their present-day distributions.
In the wettest parts of Amazonia (Haberle and Maslin, 1998; Anhuf et al.,
2006; Colinvaux et al., 2000; Bush et al., 2011) and Indonesia (Stuijts et al.,
1988; Hope and Tulip, 1994; Hope et al., 2004; Pickett et al., 2004), they
migrated into areas now occupied by Lowland Rain Forest (LRF). In con-
4
trast, in drier regions, these fog-adapted elements were restricted to scattered
patches within more open, no-analogue plant communities, in association
with graminoids (commonly C4) and savanna/xerophytic trees and shrubs
that often have non-overlapping modern distributions (Marchant et al., 2002;
Jolly et al., 1997; Street-Perrott et al., 2007; Behling, 1998; Rucina et al.,
2009; Hessler et al., 2010; Le´zine et al., 2013; Izumi and Le´zine, 2016; Le´zine
et al., 2019). This suggests individualistic species responses to locally preva-
lent combinations of glacial cooling, reduced rainfall, CO2-induced physiolog-
ical drought and/or fewer fog days (implying decreased occult precipitation
and a higher solar-radiation flux: see Cavelier (1996)). Enhanced wildfire
incidence and grazing pressure may have been important secondary controls.
An additional clue to the palaeoclimatic importance of past variations in
montane cloud is provided by the marked contrast between the widespread
occurrence of sedimentary hiatuses during the LGM in lowland Amazonia
(Ledru et al., 1998) and the continuous sequences obtained from present-day
TMCF sites (Bush et al., 2011). From central Kenya to southern Ethiopia,
all the Rift lakes, including Lake Victoria and Lake Turkana, were dry or very
low prior to the onset of the African Humid Period at &15ka BP (Jungin-
ger and Trauth, 2013; Morrissey and Scholz, 2014; Foerster et al., 2015)
whereas continuous sedimentary sequences spanning the LGM have been re-
trieved from a number of lakes and mires at mid-elevations (Hamilton, 1982;
Perrott and Street-Perrott, 1982; Street-Perrott et al., 2004, 2007; Rucina
et al., 2009). Some sites, notably Rumuiku Swamp, Mt Kenya (2154 m a.s.l.)
(Rucina et al., 2009) and Lake Paradise, Mt Marsabit (1370 m a.s.l; data to
be published elsewhere) were actually as wet, or even wetter, than today.
Two major factors hamper quantitative assessments of the impact of cli-
mate variations on cloud forests. The first is that in a large number of cases
the amount of occult precipitation a forest captures is unknown, although
more measurements have become available during the past two decades (Brui-
jnzeel et al., 2011). The second factor is that precipitation and cloud pro-
cesses are the predominant sources of uncertainty in global climate modelling
(IPCC, 2013). Because of these factors, modelling the response of cloud
forests to climate change is very much in its infancy, but it is clearly an area
where advance is needed.
We investigate the use of Advanced Very High Resolution Radiometer
(AVHRR) and MODerate-resolution Imaging Spectroradiometer (MODIS)
NDVI (Supplementary Information) to estimate total precipitation of TM-
CFs and to estimate their sensitivity to variations in rainfall and occult
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precipitation. NDVI is near-linearly related to the amount of solar radiation
intercepted by vegetation for photosynthesis (Kumar and Monteith, 1982)
and annual mean NDVI has been linked to above-ground growing-season
biomass (Tucker et al., 1986; Prince, 1991). NDVI data reflect sensitivity
of vegetation to variations in atmospheric CO2 levels globally, to variations
in temperature in mid-to-high latitudes and to variations in precipitation in
low latitudes (Myneni et al., 1997; Los, 2013; Zhu et al., 2016). NDVI has
been used to measure expansion and contraction of the Sahara in response
to annual variations in rainfall (Tucker et al., 1991) and has also been used
to identify areas subject to variations in the North Atlantic Oscillation in
northern latitudes (Los et al., 2001), and to the El Nin˜o Southern Oscillation
predominantly in low latitudes (Myneni et al., 1996; Los et al., 2001).
We test our approach on the TMCF of Mt Marsabit, which is one of
the highest mountains in northern Kenya (1707 m a.s.l.; Fig. 1). This region
receives rainfall well below 2000 mm y−1, the upper limit of our method.
It has a long-term meteorological record from the Marsabit weather station
(2.33959 ◦ N, 37.97314 ◦E, 1345 m a.s.l.) that overlaps with the NDVI data.
1.1. Vegetation of the Mt Marsabit region
Mt Marsabit is an extinct volcano that forms a so-called island in the
desert (Bussmann, 2002); it supports a closed canopy, sub-humid evergreen
broad-leaved cloud forest (Grubb, 1977; Bruijnzeel and Proctor, 1995; Brui-
jnzeel et al., 2011; Githae et al., 2007). Mt Marsabit forms part of the East-
ern Afromontane Biodiversity Hotspot (Mittermeier et al., 2004) providing a
habitat for a large number of montane species of trees, plants and animals,
including several threatened and vulnerable endemic species (IUCN, 2016;
Githae et al., 2007), e.g. the Nteroni tree (Rinorea convallarioides) and the
Marsabit chameleon (Trioceros marsabitensis). The vegetation above 1500 m
a.s.l. consists of evergreen broad-leaved forest with abundant Cassipourea
malosana and Olea capensis. The NDVI values of this forest, around 0.78,
overlap with the highest values of the evergreen xeromorphic forest that is
situated at lower altitudes (dominated by Olea europaea subsp. africana and
Croton megalocarpus). The lower limit of the xeromorphic forest coincides
approximately with a mean annual NDVI value of 0.7. Below 1100 m a.s.l.
a thorny bushland grows (dominated by Commiphora, Grewia and Acacia)
(Bussmann, 2002) that is surrounded by arid areas such as the Chalbi Desert.
Mt Marsabit is one of only a few places in the world where wild populations
of Coffea arabica (Arabian coffee) are found, a species recently classified as
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endangered (Moat et al., 2018, 2019). These wild strains have the poten-
tial to increase genetic variety in coffee cultivars and thereby build greater
resistance to diseases (Moat et al., 2017; Aerts et al., 2017). Wildlife, in
particular elephants, finds a place to obtain food and water when travelling
through the hostile, surrounding dry lands (Ngene et al., 2010). For humans,
the relatively large amount of precipitation received by Mt Marsabit is an
important source of fresh water for livestock and human consumption both
for the mountain itself, as well as for its wider region (Cun´ı-Sanchez et al.,
2018).
1.2. Local climate
Mountain summits in the region receive mean annual rainfall of 780
±370 mm in contrast to an average of 250 ±100 mm in the surrounding low-
lands (Cun´ı-Sanchez et al., 2018). The climate of Mt Marsabit is influenced
by seasonal north-south movements of the tropical rainbelt that passes over
the area twice per year, resulting in two wet (March–May and October–
December) and two dry seasons (January–February and June–September;
Fig. 2.a). Variability of rainfall at the Marsabit station is high both within
and between years. Mean monthly temperatures vary between 19 ◦C and
22 ◦C within the year. This is the optimal range for vegetation growth
globally since in this range vegetation is not limited by cold temperatures,
high temperatures or high respiration rates (Berry and Bjo¨rkman, 1980;
Chapin, 1980; Ryan, 1991). Variations in monthly temperatures between
years are usually smaller than 1 ◦C (Fig. 2.b). Calculated cloud-base height
(Section 2.3.1; eq. 1) decreases during the rainy seasons with average levels
close to the summit of Mt Marsabit (Fig. 2.c). The NDVI is high throughout
the year with the lowest values occurring at the end of the second dry season
(September; Fig. 2.d). Fog occurs throughout the year but is most frequent
during the wet seasons (Fig. 2.e and f). The variations in the diurnal cycle of
cloud-base height (Fig. 3.a) show minimum values between 0.00 h and 8.00 h
which overlap in large part with the occurrence of high humidity (vapour-
pressure) values between 3.00 h and 11.00 h (Fig. 3.b). Mt Marsabit receives
its moist air and low-level clouds from the Indian Ocean via the Turkana
Channel Jet (Kinuthia and Asnani, 1982); the latter is associated with dom-
inant, almost continuous south-easterly winds at Mt Marsabit throughout
the year (Fig. 4).
Total precipitation for the summit of Mt Marsabit is greater than the
amount of rainfall, since large amounts of water are captured by the forest
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Figure 2: Climatology of Mt Marsabit shown for period over which data are available. a.
Mean monthly precipitation with interquartile range (25 % and 75 %) from the Marsabit
weather station (1345 m; black lines) and Climate Research Unit (CRU) data (Harris
et al., 2014). b. As a. but for temperature. CRU data are representative for a 0.5◦× 0.5◦
cell which includes the dry, hot regions surrounding Mt Marsabit. c. Calculated cloud-
base height climatology (eq 1). d. MODIS and AVHRR NDVI climatology for 1982–2014.
Seasonality of e. fog days and f. fog hours (Cun´ı-Sanchez et al., 2018).
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Figure 3: Boxplots (showing median, interquartile range, 2.5 × the interquartile range
and outliers) of a. Daily cycle of cloud-base height from data aggregated over 1976–2016
b. Same as a. but for vapour pressure.
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Figure 4: January, April, July and October climatologies of European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-Analysis (ERA)-Interim (Berrisford et al., 2011)
wind fields (arrows) and cloud-base height (CBH — from ECMWF dewpoint and 2 m air
temperature; colour bar) for Kenya. Elevation contours are grey, the black circle shows
the location of Mt Marsabit and the black lines show country boundaries. The Turkana
Channel Jet flows from the Indian Ocean to Mt Marsabit between the Ethiopian Highlands
to the north and the East African Highlands to the south.
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canopy from low-level clouds; the resulting fog drip from the canopy fre-
quently generates overland flow along roads and other impermeable surfaces
during the rainy season (Muchura et al., 2014). Measurements of fog capture
were made during a number of field campaigns in the Marsabit forest using a
vertical mesh at altitudes of 1450 and 1500 m a.s.l. Highest values occurred
during the rainy season; total annual values were between 250 to 350 mm
(Nicholson, 1936; Muchura et al., 2014; Cun´ı-Sanchez et al., 2018). Mesh-
based measurements of fog provide an indication of its variability within and
between years, but are difficult to translate to rainfall-equivalent vertical
precipitation. Analyses of oxygen and hydrogen isotopes also indicate a sub-
stantial contribution of fog drip to groundwater on Mt Marsabit (Ingraham
and Matthews, 1988), although this is difficult to quantify due to the lack of
modern rainfall-isotope data.
The water supply to the summit of Mt Marsabit has diminished over
the last few decades. Rainfall decreased from 1961 to 2010 by about 10 mm
annually (Dabasso and Okomoli, 2015) and the number of days with fog has
declined by about 50% over the past three decades (Cun´ı-Sanchez et al.,
2018). Cutting of trees, e.g. for cattle fodder, has reduced the ability of the
forest to capture occult precipitation (Mart´ınez et al., 2009; Cun´ı-Sanchez
et al., 2018); demand for groundwater has also increased pressures on the
forest and curtailed its ability to capture occult precipitation.
In summary, fog capture is an important component of precipitation on
Mt Marsabit, but its total amount has not been quantified. Furthermore,
there is evidence that fog capture has decreased over the past decades and
that this has contributed to a decline in forest extent. Diminished fog cap-
ture associated with climate change and land management may have had a
significant impact on the water balance of the Marsabit TMCF but its mag-
nitude is largely unknown. The present study therefore aims to address the
following questions:
1. How much does occult precipitation contribute to modern total precip-
itation?
2. How sensitive is the forest to colder and warmer climatic regimes, e.g.
at the LGM and resulting from global warming?
3. How important are the separate contributions of occult precipitation
and rainfall to the forest during colder and warmer climatic regimes?
Materials and Methods are described in Section 2. In Section 3 the sensi-
tivity of the TMCF to present, future and past climate change is estimated.
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The discussion is found in Section 4. In Supplementary Information we pro-
vide details of the NDVI data, an error analysis of our estimates of occult
precipitation on Mt Marsabit, details on the models used to estimate the
sensitivity of the Marsabit TMCF to climate change, and an alternative sen-
sitivity simulation of the Marsabit TMCF for the LGM and for a global
warming scenario.
2. Materials and methods
2.1. Modern meteorological data
Marsabit station data. (1976–2015; location: 2.33959◦N, 37.97314 ◦E; 1345 m
a.s.l.) We obtained Marsabit meteorological data — cloud cover, surface air
temperature, dew-point temperature, wind speed, visibility and past weather
(fog) observations — from the National Oceanic and Atmospheric Adminis-
tration (NOAA) National Climatic Data Center (NCDC) Integrated Surface
Data set (ISD; Smith et al. (2011)). Monthly statistics of daily and hourly
fog occurrence and monthly rainfall amounts from the same station were
obtained from the Kenya Meteorological Service.
Data from the Marsabit forest. Rain-gauge measurements from the forest
were collected by ACS at the Marsabit Lodge for three rainy seasons between
October 2014 and December 2015.
Global databases. Tropical rainfall monitoring mission (TRMM) 3B43 monthly
precipitation data version 7 (Huffman et al., 2007, 2010) for 1998–2015 at
0.25◦ by 0.25◦ resolution were obtained from the NASA Goddard Earth Sci-
ences Data and Information Services Center (GES DISC) Mirador server
(http://mirador.gsfc.nasa.gov) to compare with the Marsabit station data.
Climate Research Unit of the University of East Anglia (CRU) monthly time
series version 3.23 global precipitation, temperature and humidity data at
0.5◦ by 0.5◦ resolution (Harris et al., 2014) for 1971–2014 were obtained from
the British Atmospheric Data Centre (BADC).
ECMWF reanalysis (ERA-Interim: 1979–2012). ERA-Interim wind fields
and cloud-base height at 80 km resolution were obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF) (Berrisford et al.,
2011). These data were used to obtain information on wind circulation for
the wider area (Fig. 4).
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2.2. Satellite land-surface data
NDVI from the AVHRR (1982–1999) and MODIS (2000–2015). AVHRR
NDVI data at 8 km resolution were obtained from the Pathfinder AVHRR
Land project (James and Kalluri, 1994). A range of corrections was applied
to these data to ensure consistency over time and to minimise distortions
associated with cloud contamination, aerosol contamination and changes in
illumination and viewing angle (Supplementary Information; Los et al. (2000,
2005)). We obtained AVHRR data for the Marsabit forest by selecting the
maximum NDVI of a 3 by 3 pixel window centred at the summit; these data
were fused with MODIS Terra 1 km data averaged to 8 by 8 km. For the
analysis of the wider region, including the analysis of forest extent during
the LGM and for a 2◦ global warming, we used 250 m MODIS 16-day NDVI
data. MODIS data were obtained from the United States Geological Sur-
vey (USGS) and were interpolated to a monthly time step (Supplementary
Information).
SRTM. We used Space shuttle Radar Topography Mission (SRTM) data
from the consortium for spatial information (Jarvis et al., 2008) to account
for altitude-dependent variations in rainfall and occult precipitation.
HYDE. The HistorY Database of the global Environment (HYDE) land-
cover version 3.1 data for 1990 (Klein Goldewijk et al., 2010) were used to
identify areas where vegetation was affected by humans (Section 2.3.2).
2.3. Methods
2.3.1. Cloud-base height
Cloud-base height (zC) or lifting condensation level is the height above
the surface at which the the atmosphere becomes moisture-saturated under
adiabatic conditions. A good approximation is Espy’s equation which is
accurate within 2 % for relative humidity values above 50 % and temperatures
between 0 ◦C and 30 ◦C (Lawrence, 2005):
zC = 125(Ta − Td), (1)
with Ta being the 2 m air temperature and Td the dew-point temperature
(both in K or ◦C). Throughout the paper we use calculated cloud-base height
based on Marsabit weather data.
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2.3.2. Estimation of total and occult precipitation
A relationship between annual precipitation and mean annual NDVI is
obtained for the tropics (23.5◦ S – 23.5◦ N) from 1982–1999 0.5◦×0.5◦ monthly
AVHRR NDVI data (Los, 1998; Los et al., 2000, 2005) and CRU TS 3.10
precipitation data (Harris et al., 2014) (Fig. 5). Data from areas with more
than 33 % agriculture or grassland as identified in the HYDE version 3.1
data for 1990 (Klein Goldewijk et al., 2010) are removed to minimise the
contribution of areas affected by land-cover change. A relationship is esti-
mated between the median NDVI and median precipitation of 41 equidistant
intervals from 0 mm y−1 to 2000 mm y−1; the regression is weighted by the
number of observations in each interval (Fig. 5):
PT = β0 + β1V (2)
with PT being the annual total precipitation (mm), V the mean monthly
NDVI, and β0 = −120.9 and β1 = 2690.4 the regression coefficients. Occult
precipitation is estimated by:
PF = PT − (PR + EO), (3)
with PF being the occult precipitation from fog capture, PR the rainfall and
EO the underestimate in precipitation introduced by the orographic effect.
2.3.3. Sensitivity of vegetation to changes in cloud-base height and rainfall
The spatial and temporal associations of 250 m MODIS NDVI data (Huete
et al., 2002) with the Marsabit station rainfall data and cloud-base height
calculations are explored by calculating partial correlations for different time
lags; lags for NDVI are varied from −1.0,−0.5to 0 months and lags for pre-
cipitation and cloud-base height are varied from −4,−3,−2− 1to 0 months.
Maximum partial correlations are obtained for precipitation at zero month
lag and cloud-base height leading by 1 month; these lags are used in the
regression analyses below. Associations between temperature and NDVI are
not significant and are therefore not incorporated in the analysis (Table 2).
2.4. Sensitivity of vegetation to climate change
Two regression methods are used to simulate changes in NDVI as a func-
tion of cloud-base height and rainfall (Supplementary Information).
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2.4.1. Method 1: local regression model
The local model develops a regression equation for each 250 m pixel pre-
dicting monthly NDVI as a function of monthly rainfall concurrent with
NDVI and mean monthly cloud-base height leading NDVI by one month
(Section 2.3.3). Rainfall and cloud-base height are obtained from the station
data, NDVI varies spatially. The regression coefficients vary spatially and
take into account spatial variations in rainfall and cloud-base height. The
local regression provides realistic estimates of NDVI for current conditions
but is probably insensitive in areas where variability in NDVI data is small,
e.g. the summit of Mt Marsabit which has high NDVI values throughout the
year and the surrounding drylands which have consistently low values.
2.4.2. Method 2: regional regression model
The regional model develops one regression equation for the entire region
estimating monthly NDVI as a function of monthly rainfall at zero lag and
mean monthly cloud-base height with a one month lead (Section 2.3.3) and
incorporates in addition the effects of height, location and interactions be-
tween variables. The model estimates 23 regression coefficients to simulate
spatial and temporal variability of the NDVI (Supplementary Information).
The regional model is more sensitive to changes in rainfall and cloud-base
height at the summit of Mt Marsabit and in the surrounding drylands.
2.4.3. Altered climates: sensitivity studies
The equations for the local and regional regression models (Supplemen-
tary Information) allow estimation of the sensitivity of NDVI to changes in
cloud-base height and rainfall. Cloud-base height changes in response to
surface air temperature and dew-point temperature (eq. 1). The latter is as-
sumed constant since the trend over time in dew-point temperature at the
Marsabit weather station is not significant, but its value can be adjusted,
e.g. to obtain changes in cloud-base height projected by climate simulations.
Last Glacial Maximum. During the LGM the decrease in tropical land tem-
peratures was larger for higher altitudes than for lower altitudes (Webb et al.,
1993; Farrera et al., 1999). An expression for the change in lapse rate during
the LGM compared to current conditions is obtained from the data for East
Africa collected by Loomis et al. (2017):
∆T = −2.88− 0.00092h, (4)
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with ∆T being the difference in temperature between the LGM (K or ◦C)
and the present, and h the elevation (m). The equation predicts a decrease in
temperature at 1200 m a.s.l. of about 4 ◦C, which results in a 500 m decrease
in cloud-base height (eq 1). We assume a reduction in rainfall of 30% in
line with estimates from palaeodata and climate simulations for East Africa
(Bonnefille and Chalie´, 2000; Hostetler and Clark, 2000). The contribution
to precipitation associated with cloud-base height is reduced by 22 % in
line with a reduction in saturated atmospheric moisture as a result of a
decrease in temperature of 4 ◦C. We use relationships between temperature
and atmospheric humidity as published in Jones (1992). NDVI is reduced by
20% as a result of lower atmospheric CO2 concentrations (Los, 2013).
Global warming. The effect of global warming is set to 2 ◦C at 1200 m and
dewpoint temperature is held constant which results in an increase in calcu-
lated cloud-base height of 250 m. No adjustments are made for changes in
lapse rate, rainfall, atmospheric moisture or atmospheric CO2.
3. Results
3.1. Estimation of total and occult precipitation
The mean annual total precipitation estimated from NDVI (eq 2) is 1700
mm (± 265 mm; precipitation amounts are rounded to the nearest 100 mm).
Mean annual rainfall at the weather station (1345 m a.s.l) is 700 mm; we
estimate that rainfall for the forest above 1500 m a.s.l. is 73 mm y−1 more
(Table 1 in Supplementary Information) and estimate occult precipitation
at 900 mm y−1 (± 265 mm y−1) (eq. 3). Sources of error associated with
the effects of fog — a reduction in evapotranspiration and a reduction in
NDVI caused by lower photosynthetic rates — are both in the order of 100
to 200 mm y−1 but are of opposite sign and effectively cancel each other out
(Supplementary Information).
3.2. Interannual variability in climate data and NDVI
Variations in annual total precipitation estimated from NDVI are com-
pared with rainfall from three different data sets for validation (Fig. 6). The
rainfall data sets are: 1) local meteorological observations from the Marsabit
weather station for 1975–2015; 2) the CRU gridded data (Harris et al., 2014)
for 1973–2014 and 3) the TRMM data (Huffman et al., 2007, 2010) for 1998–
2015. Closer inspection of the rainfall data shows that the CRU data exhibit
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Figure 5: Relationship between CRU precipitation (Harris et al., 2014) and NDVI (V )
(Los et al., 2000, 2005) for the tropics (between 23◦S and 23◦N) and between rainfall and
NDVI for Mt Marsabit (orange dots – CRU data; black dots – Marsabit station data).
Rainfall above 5000 mm and corresponding NDVI data are not shown. NDVI data from
areas with more than 33 % grassland or agricultural land as identified in the HYDE 3.1
data (Klein Goldewijk et al., 2010) are not used for analysis. The standard error of the
relationship at 2000 mm is ± 265mm (+ 180 mm and -350 mm); equivalent to a 13 %
relative error. The colour bar indicates the number of observations in each x and y interval.
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Figure 6: Annual climate time series for Mt Marsabit since 1971. a. Rainfall time series
from Mt Marsabit weather station (black), CRU data (grey), TRMM (purple) and total
precipitation calculated from NDVI (thick red line); the lower red line shows the 95th
percentile. The rainfall measured at Marsabit is increased by 73 mm to representative of
orographic effects. b. Annual surface air temperature and dew-point temperature from
Marsabit and CRU data. c. Calculated annual cloud-base height (eq. 1) for Marsabit and
CRU. Trends are shown in Table 1. CRU data are representative for a 0.5◦ × 0.5◦ cell
which includes the hot, dry regions surrounding Mt Marsabit.
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low variability after 2000; this was probably caused by a decrease in the
number of meteorological stations available (Harris et al., 2014). The vari-
ability in the Marsabit station data agrees well with the CRU data prior to
2000; and with the TRMM data for its entire record. The total precipitation
estimates are substantially higher than any of the rainfall observations on
Mt Marsabit; this difference is larger than differences between the rainfall
observations (Fig. 6).
Table 1: Trends in annual rainfall, temperature, cloud-base height and NDVI for Mt
Marsabit 1973–2014 and 1982–2014. P : rainfall, Ta: air temperature, Td: dew-point
temperature, zC : cloud-base height. Marsabit refers to Marsabit weather station data
and CRU to CRU data. (significance levels: * (p < 0.1); ** (p < 0.05); *** (p < 0.001);
NS: trend not significant; –: missing data
1973–2014 1982–2014
P Marsabit NS -11.2 mm y−1*
P CRU NS NS
Ta Marsabit 0.04
◦C y−1 *** 0.04 ◦C y−1***
Ta CRU 0.02
◦C y−1*** 0.03 ◦C y−1***
Td Marsabit NS NS
Td CRU 0.015
◦C y−1*** 0.02 ◦C y−1 ***
zC Marsabit 5 m y
−1 *** 6 m y−1***
zC CRU 0.75 m y
−1 * 2 m y−1***
NDVI – NS
Significant linear trends between 1973 and 2014 are found in several of
the climate data sets: a small trend is found in the Marsabit rainfall data
between 1982 and 2014, whereas more significant trends are found in the
CRU and Marsabit annual-mean surface air (2 m) temperature, the CRU
annual-mean dew-point temperature, and the CRU and Marsabit annual
mean cloud-base height (Fig. 6, Table 1). The trend for 1973–2014 in cloud-
base height and air temperature in the Marsabit station data is larger than
in the CRU data. Interannual variability in NDVI, and by inference in total
precipitation, is positively correlated with rainfall and negatively correlated
with cloud-base height. Temperature is not significantly correlated to NDVI,
hence its direct effect is not considered in further analysis. The negative
correlation between days of fog per year and cloud-base height is larger than
that for hours of fog per year (Table 2), possibly indicating variations in the
number of observations per day over time.
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Table 2: Correlations between annual climate time series, 1982–2015 (1982–2014 for CRU
time series); significance levels: a: p < 0.1; b: p < 0.05; c: p < 0.001. NDVI correlates
significantly with precipitation and cloud base height. V: NDVI, P: Precipitation, Ta:
surface air temperature, Td: dew-point temperature, zC : cloud-base height, subscript M
refers to measurements from Marsabit and subscript CRU to CRU measurements. Fog
days and fog hours are from Marsabit.
r V PM PCRU Ta,M Ta,CRU zC,M zC,CRU fog days
PM 0.46
b
PCRU 0.49
c 0.86c
Ta,M -0.11 -0.31
a -0.16
T
a,CRU -0.12 -0.17 -0.14 0.64
c
z
C,M -0.29
a -0.49b -0.33a 0.86c 0.47c
z
C,CRU 0.02 -0.14 -0.03 0.38
b 0.78c 0.29
fog days 0.14 0.21 0.12 -0.61c -0.65c -0.62c -0.45c
fog hours -0.13 -0.14 -0.27 -0.46c -0.64c -0.39b -0.49c 0.75c
3.3. Sensitivity of vegetation to changes in cloud-base height and rainfall
3.3.1. Temporal changes in the forest
Variations in the annual NDVI averaged over the wider Marsabit area
(Fig. 7) are more closely linked to calculated variations in cloud-base height
(r2 = 0.87), than to variations in annual rainfall (r2 = 0.67), confirming the
importance of clouds as a source of water in the area.
3.3.2. Spatial dependency of NDVI on rainfall and cloud-base height
The spatial and temporal associations of NDVI with precipitation (zero-
month lag) and cloud-base height (1-month lead) for the Marsabit region are
shown in Fig. 8. Partial negative correlations with NDVI are larger in magni-
tude for cloud-base height than for rainfall for the higher parts of the upwind
south-east slope and the summit of Mt Marsabit (Fig. 8.c). Precipitation has
the highest correlations on the lower parts of the upwind east slope and most
of the leeward west slope (Fig. 8.a and 8.c); note that fog does not occur on
the leeward side of the mountain.
3.4. Estimation of climate-change sensitivity
Both regression models show the greatest change in NDVI on the slopes of
Mt Marsabit below its summit; the mean NDVI value at the summit (above
1300 m a.s.l) shows a small negative change in the local regression model
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Figure 7: Comparison of annual precipitation and mean cloud-base height (shown in Fig. 6)
measured at Marsabit station and the mean NDVI for the wider region of Mt Marsabit
(shown in Fig. 8). The axis for cloud-base height is reversed for easier comparison.
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a) r partial precipitaton (lag=0)
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Figure 8: Partial monthly correlations of NDVI with monthly (zero lag) rainfall (a) and
calculated monthly (1 month lead) cloud-base height (eq. 1; b). Values that are not sig-
nificant (p > 0.1) are white. c. Difference in r2 of a. and b. showing that more variance
is explained by cloud-base height for the upwind slope and by rainfall for the leeside. (Si-
nusoidal projection; Easting — distance (km) from the Greenwich meridian; Northing —
distance (km) from equator. The triangle indicates the location of the Marsabit weather
station)
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Figure 9: Sensitivity of NDVI to climate change. a. Average NDVI of the Marsabit
region for 2000–2015. NDVI = 0.7 approximately coincides with the boundary of the
xeromorphic forest. b. Projected NDVI during the LGM using a local regression model
with 20 % lower NDVI caused by lower atmospheric CO2 concentrations, 500 m lower
cloud-base height (eq 1) and 22 % lower atmospheric humidity, 30% less rain, and changed
lapse rate for the LGM. c. Change NDVI for the LGM compared to current conditions
(b. - a.). d. Change LGM NDVI caused by lower atmospheric CO2 concentrations. e.
Change LGM NDVI caused by lower cloud-base height. f. Change in LGM NDVI caused
by reduced rainfall. g. Change in LGM NDVI caused by a change in lapse rate (Loomis
et al., 2017). h. Projected NDVI resulting from a 250 m increase in cloud-base height
caused by 2 ◦C warming. (Sinusoidal projection; Easting — distance (km) from central
meridian; Northing — distance (km) from equator)
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(Fig. 9) and a larger, positive, change in the regional regression model (Sup-
plementary Information). The increase or decrease in areal extent changes
for different NDVI values and depends on the choice of model (Table 3). We
estimate changes in forest extent by looking at variations in the area with
NDVI of 0.7 or above; this value coincides with the lower boundary of the
xeromorphic forest. During the LGM the cooling of 4 ◦C results in a 20 %
to 100 % increase in forest extent; the analysis shows that NDVI is more
sensitive to a decrease in cloud-base height than to the combined effects of
reduced rainfall, reduced atmospheric humidity, reduced CO2 and a change
in the lapse rate. This effect of cloud-base height on NDVI is largest on the
south-eastern slope.
For the global warming scenario, the area with NDVI > 0.7 declines to
45 % (local regression model) or 0 % (regional regression model) of the present
extent in response to a higher cloud-base height (Table 3).
Table 3: Sensitivity of surface of area with NDVI above 0.6, 0.7, and 0.8 estimated by the
local and regional regression models. NDVI=0.7 corresponds to the lower extent of the
xeromorphic forest. NDVI values of the upper boundary of this forest overlap with NDVI
values of the sub-humid forest, a NDVI of 0.8 indicates a very dense green forest; and a
NDVI of 0.6 approximately coincides with the lower limit of the open forest
LGM Global warming
Mean 2001–15 local regional local regional
> 0.8 24.1 km2 3.4 km2 98.2 km2 0 km2 0 km2
> 0.7 118.4 km2 235.1 km2 145.6 km2 52.8 km2 0 km2
> 0.6 145.6 km2 620.6 km2 255.5 km2 113.4 km2 105.8 km2
4. Discussion
Tropical montane forest taxa moved to lower altitudes during the LGM
as the extent of tropical lowland forests contracted (Flenley, 1998; Ivory and
Russell, 2016). There is therefore a unique aspect to the response of tropical
montane taxa to present, past and future climatic changes. Several sugges-
tions have been made to explain this. For example Colinvaux et al. (1996) and
Flenley (1998) suggested that lower temperatures contributed to conditions
suitable for the downward movement of these taxa during the LGM, whereas
Flenley (1996) speculated that an altered combination of temperature and
UV-B radiation might have been responsible, and Jolly and Haxeltine (1997);
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Street-Perrott et al. (1997, 2007) and Izumi and Le´zine (2016) emphasized
the physiological impacts of reduced CO2 at high altitudes. In contrast,
Bush et al. (2011) noted an increase in the occurrence of species adapted to
persistent cloud cover; cloud-forest species exhibit other adaptations as well
such as microphyllous or even pachyphyllous leaves and resistance to moulds
to allow them to thrive in damp conditions, and be able to cope with the
alternation between near darkness during dense fog to a high solar (including
UV) flux during clear intervals.
Quantifying the effects of climatic change on cloud forest vegetation has
been difficult because of a lack of modern and historical data on fog capture in
TMCFs. We analysed modern-day meteorological observations and satellite
NDVI data of Mt Marsabit in northern Kenya to estimate the sensitivity of
forest extent to climate change.
4.1. Modern day occult precipitation
We use MODIS and AVHRR NDVI data to estimate average total an-
nual precipitation (sum of occult precipitation and rainfall) for 1982–2015
at 1700 mm with a standard error in the estimation of ±265 mm y−1 and
average annual occult precipitation at 900 mm y−1. Rainfall measurements
of 700 mm y−1 are adjusted upwards by 73 mm y−1 to account for orographic
effects. During years of unusually high rainfall (1982 and 1997) we expect
to underestimate the amount of precipitation at the summit because our
method can only estimate total annual precipitation up to 2000 mm y−1.
Validation of our results is not straightforward. Field measurements of
fog capture use screens or frames that measure fog deposition in horizontal
direction. These measurements from screens indicate high amounts of fog are
captured, however these measurements are difficult to extrapolate to equiva-
lent vertical precipitation amounts captured by the canopy. For example, the
canopy has a much larger surface area and volume, has different surface prop-
erties and is situated further above the ground (Nicholson, 1936; Muchura
et al., 2014; Cun´ı-Sanchez et al., 2018). Analysis of δ2H and δ18O isotope
data indicates a large contribution of fog to groundwater as well, but this is
difficult to quantify because of the small number of measurements, the high
variability in the δ2H and δ18O composition of fog, and lack of measurements
of rainfall isotopes (Ingraham and Matthews, 1988). An analysis of tropi-
cal and sub-tropical TMCFs globally shows that annual occult precipitation
exceeds 1000 mm y−1 in areas with wind-exposed sites, high wind speeds
and within the zone of maximum cloud occurrence (Bruijnzeel et al., 2011).
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This situation occurs on Mt Marsabit since the south-east slope is exposed to
year-round high winds transporting moisture from the Indian Ocean (Fig. 4).
The Marsabit forest is excessively green for the amount of rain it receives;
based on the general relationship between rainfall and NDVI for the tropics
(Fig. 5 ) we expect the NDVI to be half the observed value or less. Sources of
error are an order of magnitude smaller and do not provide an alternative ex-
planation (Supplementary Information). For example, one potential source
of error is that rainfall amounts reported by the Marsabit weather station
are too low. This appears not to be the case since we found that station
measurements are similar to rain measurements made in the Marsabit for-
est; the difference between them is smaller than the adjustment for altitude
we applied to the Marsabit rainfall data (Supplementary Information). Fog
occurrence could either reduce evapotranspiration or could stimulate photo-
synthesis and vegetation greenness by increasing diffuse radiation which pen-
etrates deeper into the canopy. We do find a reduction in evapotranspiration
associated with the occurrence of fog but we also find reduced photosynthetic
rates during fog because of a decrease in shortwave radiation absorbed by
vegetation, and expect lower carbon allocation to leaves and lower NDVI
compared to other parts of the tropics. These two effects associated with fog
occurrence are of similar magnitude but of opposite sign and they therefore
effectively cancel each other out (Supplementary Information). The residual
error (20 mm y−1) is much smaller than our estimate of uncertainty in occult
precipitation (265 mm y−1).
Analysis of partial correlations shows that variations in calculated cloud-
base height (eq. 1) explain a larger proportion of variance in NDVI on the
south-eastern slope of Mt Marsabit than rainfall (Fig. 9); this finding also
supports a large contribution of occult precipitation to the total amount of
precipitation received on Mt Marsabit. Based on these findings we conclude
that the capture of fog by vegetation is the most likely explanation for the
excessive greenness of the Marsabit forest.
4.2. LGM estimates of forest expansion
We estimate the sensitivity of forest extent to climatic change during the
LGM with two models: a local regression model and a regional regression
model (Section 3.4, see Supplementary Information for equations). In both
models cloud-base height (eq. 1) descends by 500 m when surface tempera-
ture is decreased by 4 ◦C (eq 4) and dewpoint temperature is left unchanged.
Rainfall is decreased by 30 % which is representative for the LGM in East
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Africa (Bonnefille and Chalie´, 2000), the lapse rate is adjusted to reflect larger
cooling with higher elevation (Loomis et al., 2017), atmospheric humidity at
saturation is reduced by 22 % to take into account the effect of lower temper-
atures on atmospheric moisture content at saturation and NDVI is decreased
by 20 % in response to lower atmospheric CO2 concentrations (Los, 2013).
Increased competition by C4 plants and increased susceptibility of the forest
to fire affecting the altitude of the tree line are not considered (Street-Perrott
et al., 1997, 2004; Saurer et al., 2014; Frank et al., 2015; Midgley and Bond,
2015; Urban et al., 2015; Rucina et al., 2009). The direct effects of tem-
perature on NDVI are also omitted because these are not significant in the
observational record (Table 2). Furthermore, a decrease of 4 ◦C moves tem-
peratures only slightly below the global optimal range for vegetation growth;
we therefore expect only a small change in NDVI (Berry and Bjo¨rkman,
1980). We find that NDVI values are most sensitive to the decrease in cloud-
base; the associated increase in NDVI exceeds the reduction in NDVI caused
by the other effects combined. As a result, we see an expansion of the area
with NDVI above 0.7 by 20 % to 100 %, predominantly to lower elevations
on the south-eastern slope.
Our sensitivity analysis suggests an additional mechanism to explain the
downward movement of TMCF taxa in tropical Africa, Australasia and South
America during the LGM (Stuijts et al., 1988; Hope and Tulip, 1994; Jolly
et al., 1997; Behling, 1998; Flenley, 1998; Haberle and Maslin, 1998; Colin-
vaux et al., 2000; Marchant et al., 2002; Hope et al., 2004; Pickett et al., 2004;
Anhuf et al., 2006; Street-Perrott et al., 2007; Rucina et al., 2009; Hessler
et al., 2010; Bush et al., 2011; Le´zine et al., 2013; Izumi and Le´zine, 2016;
Le´zine et al., 2019); lower temperatures lead to a lower cloud-base height and
increased occult precipitation. Temperature decreases during the LGM can
therefore affect precipitation and ecosystems directly and indirectly; their
direct response having a differential character as the structure and compo-
sitions of forests changed worldwide (Nolan et al., 2018). The increased
importance of occult precipitation compared to rainfall found in the present
study creates an environment more suitable for species adapted to capturing
moisture from clouds. Regional disagreements occur with regard to the lower
boundary of TMCF at the LGM (Izumi and Le´zine, 2016), e.g. recent results
obtained for Lake Bambili in western Equatorial Africa show that the upper
limit of the Afromontane forest changed substantially between glacial and
interglacial stages during the past 90,000 years, but the lower limit remained
relatively unchanged (Le´zine et al., 2019). By contrast, we find that on Mt
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Marsabit the area with NDVI values above 0.7, corresponding to the current
lower limit of the xeromorphic forest, is highly variable. We note that Mt
Marsabit is surrounded by drylands, rather than a lowland forest, and that
our findings agree with downward movement of TMCF taxa on mountains in
East and Central Africa (Jolly et al., 1997; Street-Perrott et al., 2007; Rucina
et al., 2009; Hessler et al., 2010; Schu¨ler et al., 2012; Izumi and Le´zine, 2016).
The altitude of the summit of Mt Marsabit is too low for the upper limit of
the TMCF to be to be represented, either today or at the LGM.
Subtle differences exist between the LGM simulations of the local and
regional regression models (Fig, 9, Fig 1 in Supplementary Information, Ta-
ble 3). The local regression model indicates a small change in NDVI at the
summit of Mt Marsabit, but the area with NDVI values > 0.8 decreases
substantially. The regional regression model shows an increase in area with
NDVI values > 0.8 at the summit, but the expansion of the area with NDVI
values between 0.6 < NDVI < 0.8 is smaller than in the local regression
model. In both models conditions for taxa capturing water from clouds be-
come more favourable compared to rainfall dependent taxa.
4.3. Global warming estimates of forest contraction
For the global warming scenario, NDVI values are estimated using an in-
crease in calculated cloud-base height of 250 m; changes in NDVI from other
effects are not taken into account. The area with NDVI > 0.7, which cor-
responds to the lower extent of the xeromorphic forest, decreases to 45 % or
even 0 % of its current extent. The decline in NDVI is large on the south-
eastern slope and around Marsabit village (north-east of the summit). The
area around Marsabit village is affected to a large degree by humans, e.g.
by land-cover change, groundwater withdrawal and selective harvesting for
use as fodder for livestock (Cun´ı-Sanchez et al., 2018). Although we do not
consider these effects, it is remarkable to see that this area shows a high
sensitivity to climate change. This provides further evidence that appro-
priate management of the forest is needed to mitigate the adverse effects
of global warming on hydrological resources; this is not only important for
Mt Marsabit and but also for many other “islands in the desert” across the
tropics.
28
Conclusion
Climate models have greater skill in reproducing temperatures than in
reproducing changes in the hydrological cycle; large uncertainties exist in
the simulation of precipitation, soil moisture, evapotranspiration and atmo-
spheric humidity (The GLACE Team et al., 2004). Measurements of occult
precipitation are few and highly localized. Estimates of this locally very im-
portant component of the hydrological cycle are therefore largely untested
in climate simulations. The approach adopted in the present paper is one
of only a few ways in which estimates of the effects of climate change on
TMCFs such as that on Mt Marsabit can be obtained. Our method can
be applied to other areas in the tropics with total precipitation < 2000 mm
y−1; the limited historical data can thus be extended to the entire period for
which we have satellite data without incurring substantial costs.
The sensitivity analysis of the response of TMCFs to changes in occult
precipitation and rainfall provides greater insights into the interpretation of
palaeodata.
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